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Abstract. We perform a systematic study of sneutrino production and decays in the Minimal 
Supersymmetric Standard Model (MSSM) with slepton generation mixing. We study bosonic decays 
like V — » l~ + W'^ /H'^ as well as fermionic ones. We show that the effect of slepton generation 
mixing on the sneutrino production and decays can be quite large in a significant part of the MSSM 
parameter space despite the very strong experimental limits on lepton flavour violating processes. 
This could have an important impact on the search for sneutrinos and the determination of the 
MSSM parameters at future colliders, such as LHC, ILC, CLIC and muon collider. 

PACS. 12.15.Ji Applications of electroweak models to specific processes 



1 Introduction 

Systematic studies of decays of sneutrinos, the super- 
symmetric (SUSY) partners of neutrinos, in the Min- 
imal Supersymmetric Standard Model (MSSM) have 
been performed already [T]. In these studies it is as- 
sumed that there is no generation mixing in the slepton 
sector. In this article based on [2] we study the effect 
of slepton generation mixing on the production and 
decays of the sneutrinos in the MSSM. Lepton flavour 
violating (LFV) productions and decays of SUSY par- 
ticles have been studied for the case of slepton gener- 
ation mixing [3^ . Some of the studies are rather model 
dependent. Furthermore, so far no systematic study of 
LFV in sneutrino decays including bosonic decays has 
been performed. The aim of this article is to perform 
a systematic study of sneutrino production and de- 
cays including the bosonic decay modes in the general 
MSSM with LFV in slepton sector. 

2 The model 

First we summarize the MSSM parameters in our anal- 
ysis. The most general charged slepton mass matrix 
including left-right mixing as well as flavour mixing in 
the basis of ioa = {Sl, fj.L,TL,eR, fiR.TR), a = 1, ...,6, 
is given by [5] : 

with 

^Il^cH = Ml^p + m| cos(2/3)(-i + sin^ ew)Sa,p 



^RR,ai3 = -^'^l,Q/3 - "^1 cos(2/3) sin^ OwSafl + mj^Sap , 
^RL^aP = "1^/3q - mi^^i* tan/3(5a/3 • 

The indices a, (3 = 1,2,3 characterize the flavours 
e, /i, r, respectively. M| and Mj^ are the hermitean 
soft SUSY breaking mass matrices for left and right 
sleptons, respectively. Aap are the trilinear soft SUSY 
breaking couplings of the sleptons and the Higgs bo- 
son: Ant = -AapPppiahH^ + Aapt^f^j^VaLH^ "f • • • . 

is the higgsino mass parameter, vi and V2 are the 
vacuum expectation values of the Higgs fields with 
vi = (H^), V2 = {H2), and tan/3 = V2/V1. We work 
in a basis where the Yukawa coupling matrix Ys^a/? 
of the charged leptons is real and flavour diagonal 
with = mijvi = -^^^^ {ia = e,Ai,T), 

with mi^ being the physical lepton masses and g the 
SU(2) gauge coupling. The physical mass eigenstates 

£i, i = 1,...,6, are given by ii = Rf^£oa- The mix- 
ing matrix and the physical mass eigenvalues are 
obtained by an unitary transformation R^M?R^^ = 
diagfm? , . . . ,m? ), where m; < for i < j. Simi- 
larly, the mass matrix for the sneutrinos, in the basis 
i'oa = {i>eL,'>tJ.L,'>rL) = {^e, i>^i, Vr) , reads 

Ml^p = Ml^p + im| cos(2/3),5„^ (a, /3 = 1, 2, 3) , 

where the physical mass eigenstates are given by i>i = 
Ria^oa, i = 1,2,3, (mpi < < mpg). 
The properties of the charginos xt (* — 1,2, "i-i < 
m^±) and neutralinos xl — l,---,4, ?7i-^o < ... < 
m^o) are determined by the parameters M2, Mi, fi 
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and tan/3, where M2 and Mi are the SU(2) and U(l) 
gaugino masses, respectively. Assuming gaugino mass 
unification we take Ml = (5/3) tan^ 6'm/M2. 
The possible fermionic and bosonic two-body decay 
modes of sneutrinos are 




3 Constraints 

In our analysis, we impose the following conditions on 
the MSSM parameter space in order to respect experi- 
mental and theoretical constraints which are described 
in detail in [5]: 

(i) The vacuum stability conditions [1], such as 

< rJ,^^(M2 „^ + M|^^^ + ml), {a ^ f3; 
7 — Max(a, (3); a, (3 — 1, 2, 3 = e, /i, r). 

(ii) Experimental limits on the LFV lepton decays: 
B{fi- < 1.2x10-" (90% CL) 5 , B{t- ^ 
^i--f) < 4.5 X 10'^ (90% CL) [6], B{t- €"7) < 
1.1 X 10-^ (90% CL) 0, B{fi- e-e+e') < 1.0 x 
10-12 (90% CL) [g, B(t- M"M+M~) < 3.2 x 
10-8 (90% CL) 0, B{t- e-e+e-) < 3.6 x IQ-^ 
(90% CL) [9]. 

(iii) Experimental limits on SUSY contributions to 
anomalous magnetic moments of leptons [TUlfTT] Q, 
e.g. \Aa^^^^ - 287 x 10-"| < 178 x 10-" (95% 
CL). 

(iv) The LEP limits on SUSY particle masses. 

(v) The limit on and tan P from the experimental 
data on B{B- ->t-D^) |T2j . 

It has been shown that in general the limit on the 
/z" — g- conversion rate is respected if the limit on 

^ e 7 is fulfilled fT^ . 
Condition (i) strongly constrains the trilinear couplings 
Aaf3, especially for small tan (3 where the lepton Yukawa 
couplings YE^aa are small, (ii) strongly constrains the 
lepton flavour mixing parameters; e.g. in case of /i — f 
mixing the limit on B(t~ fJ.~j) strongly constrains 
the jji — T mixing parameters M| 231 Mj, 23, ^23 and 
A32. The limit on Aa^J^^^ in (iii) is also important, 
e.g. it disfavours negative ^ especially for large tan /3. 



4 Numerical results 

We take tan 13, mH+ , M2, ^, Ml^^p, M|;^^^, and Aap as 
the basic MSSM parameters at the weak scale. We as- 
sume them to be real. The LFV parameters are M^ 

'^i*^ a ^ p. We take the following 
jl — f mixing scenario as a reference scenario with LFV 
within reach of LHC and ILC: 

^ For the limit on SUSY contributions to anomalous 
magnetic moment of muon Aaf^^^^ , we allow for an er- 
ror at 95% CL for the difference between the experimental 
measurement and the SM prediction [11) . 



tan/3 = 20, = 150GeU, M2 = 650GeU, /x = 

150GeU, M|ii ^ (430GeU)2, M^ 22 = (410GeU)2, 
Mis, - (400GeU)2, M| ^2 = Ml ,, - (IGeU)^, 
M| 23 = (61.2GeU)2, M| = (230GeU)2, M| 22 = 
(210GeU)2, Af|33 = (200GeU)2, M| ^2 = ^1 13 = 
(lGeU)2, MI 23 = (22.4GeU)2, A23 = 25GeU,A33 = 
150GeU, and all the other Aap = 0. 
In this scenario satisfying all the conditions (i)-(v) 
above we have: 

= 393GeU, mp, = 407GeU, 771^3 = 425GeU, 

— — O.SGi'p 4- 0.93!>r ~ Vt, 
^2 — 0.93i>^ + 0.36i>r ^ Vfj., 

= 204GeU,TO^~^ = 215GeU,m^~^ = 234GeU, 
li = -0.0029/iL -I- 0.033fL - 0.12/ifl + 0.99fi? - f^, 
£2 = 0.0022/iL + 0.0040fL + 0.99fiB. + 0.12^^?. ~ 

4 - en., 

Bih -^ti-+ xt) = 0.014, B{h ^T-+ xt) = 0.36, 
S(£>i ^ +H+) = 0.48, 

S(i>2 ^ f-i- + xt) = 0.20, B{i>2 -^T-+ xt) = 0.12, 
B{D2 ii +H+) = 0.38. 

As U2 ~ and £^ ^ ^r, the decays V2 —f T-xt and 
V2 ii H+ are essentially LFV decays. Note that the 
branching ratios of these LFV decays are sizable in this 
scenario. The reason is as follows: The lighter neutrali- 
nos Xi 2 and the lighter chargino xf are dominantly 
higgsinos as Mi_2 ^ \n\ in this scenario. Hence the 
fermionic decays into xf 2 and xt are suppressed by 
the small lepton Yukawa couplings except for the de- 
cay into T~xt which does not receive such a suppres- 
sion because of the sizable r Yukawa coupling Ye, 33 
for large tan/3. This leads to an enhancement of the 
bosonic decays into the Higgs boson H+. Moreover 
the decay 1/2 (~ i^^) ^ ^rl'^ "^i? ) + enhanced by 

the sizable trilinear I'^i — t'^ — Hi coupling ^23 (with 
— H~ sin/?). Because of the sizable i'^ — i^r mix- 
ing term M^ 23 f^i^ h'2 has a significant Ur component, 
which results in a further enhancement of this decay 
due to the large trilinear i)^ — — coupling ^33 
(= 150 GeV). 

The decays of i>i and i>2 into t^2^+ are suppressed 
since t\ ~ and ^ II^. 

4.1 v decay branching ratios 

We study the basic MSSM parameter dependences of 
the LFV sneutrino decay branching ratios for the ref- 
erence scenario specified above. In Fig.l we show con- 
tours of the LFV V2 decay branching ratios in the /i — 
M2 plane. All basic parameters other than /j, and M2 
are fixed as in the reference scenario specified above. 
We see that the LFV decay branching ratios B(v2 
T-xt) B{i)2 £iH+) can be sizable in a signif- 
icant part of the fj, — M2 plane. The main reason for 
the increase of B{i>2 H+) in the region M2 ^ /i 
is that the partial widths for the decays into i^-xt 
and lyxi 2 decrease for increasing |M2//i| as the lighter 



K. Hidaka 



Impact of slepton generation mixing on the search for sneutrinos 




200 400 600 800 1000 

|J. (GeV) 



800 


t 1 1 

'- (b) 

1 > ■ 0.4 


1 1 


t 


600 

> 

S'400 










0.2 








-0.1 . 

0.07 . Tr:^^' 




200 


■-I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 


1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 


1-1, , ,1,1 



200 400 600 800 1000 

H (GeV) 

Fig. 1. Contours of (a) 3(1)2 t~x^) and (b) 3(1/2 — > 
£^ H~^) in the n — M2 plane for our fi — f mixing scenario. 
The region with no sohd contour-Unes is excluded by the 
conditions (i) to (v) given in the text; negative fj, region 
is excluded by the limit on Aa^'^^^ in (iii). The dashed 
and dash-dotted lines in (a) show contours of B(r~ — » 
^"7) and Z\a^'^'^^, respectively. Note that (iii) requires 
1.09 X 10"^ < Zia^^^'^ < 4.65 x 10"^. 



chargino/neutralino states become more and more hig- 
gsino like. The T~xt decay mode has a different be- 
haviour due to the sizable r Yukawa coupling for large 
tan p. We remark that the limit on Aa^^^^ excludes 
the region with B{i>2 iiH+) > 0.5. 
In the following wo use the quantities Rlt^ = 23/ 

((Ml ^^+M2 22 + M2_33)/3) andi?^23 = A23/((|^ll| + 

1^22! + |^33|)/3) as a measure of LFV. In Fig.2 we 
present the Rl23 dependence of 1)2 decay branching 
ratios, where all basic parameters other than M| 23 
are fixed as in the reference scenario specified above. 
We see that the LFV decay branching ratios i3(t'2 
T~Xi) and B{i>2 can be large and very sen- 

sitive to i?L23- Note that ^j" ~ and that the I'r 
component in 1^2 t'/i) increases with the increase of 
the — Vr mixing parameter M\ 23 , which explains 
the behaviour of the branching ratios. Similarly we 
have found that B(v2 £1 H^) can be very sensitive 
to Ra23] this decay can be enhanced also by a sizable 
A23 as explained above. To exemplify this behaviour 
further, in Fig. 3 we show the contours of these decay 
branching ratios in the iZL23 — -Ra23 plane, where all 
basic parameters other than M| 23 and A23 are fixed 
as in the reference scenario specified above. As can be 
seen, these LFV decay branching ratios can be large 
in a sizable region of the Rl23 ~ Ra23 plane and their 
dependences on Rl23 and Ra23 are quite remarkable 
and very different from each other. Hence, a simultane- 
ous measurement of these two branching ratios could 
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Fig. 2. Rl23 dependence of i>2 decay branching ratios for 
our fi — f mixing scenario. The shown range of Rl23 is the 
whole range allowed by the conditions (i) to (v) given in 
the text. 
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Fig. 3. Contours of the LFV decay branching ratios (a) 
3(i>2 T-X+) and (b) 3(i>2 ^ H+) in the Rl23-Ra23 
plane for our fi—T mixing scenario. The region with no solid 
contours is excluded by the conditions (i) to (v) given in 
the text. The dashed lines in (a) show contours of B(t~ — » 
M"7)- 

play an important role in determination of the LFV 

parameters M£ 23 and ^23 . 
In Fig. 4 we show a scatter plot of the LFV decay 
branching ratios B{v2 — > ^\H^) versus B(t~ M~7) 
for our /i — f mixing scenario with the parameters 
M2,^J., i?L23, -R£;23, -Ra23 and Ra32 varied in the ranges 
< M2 < 1000 GeV, ImI < 1000 GeV, |i?L23| < 
0.1, \Re23\ < 0.2, \Ra23\ < 2.5 and \Ra32\ < 2.5, satis- 
fying the conditions (i) to (v) given above. All param- 
eters other than M2, /i, M| 23, 231 ^23 and ^32 are 
fixed as in the reference scenario specified above. As 
can be seen in Fig. 4, the LFV branching ratio B{i>2 — > 
£^ H~^) could go up to 30% even if the present boimd 
on B{t^ /K~7) improves by one order of magnitude. 
For the other LFV decay branching ratios of 1^1,2 ver- 
sus B{t~ — > /i~7) we have obtained scatter plots sim- 
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Fig. 4. Scatter plot of the LFV decay branching ratios 
B{D2 — > £i H^) versus _B(r~ IJ-~"f) for our /t — f mixing 
scenario. 

liar to that for B{h'2 £^11^) versus B{t^ A* 7): 
with the upper hmits of the £'1^2 decay branching ra- 
tios B{h fi-x+) < 0.12, b'(z>i -> < 0.40, 
B{i)i (.2^+) < 0.05, B{C'2 T-X+) < 0.35, and 
B{i>2 iiW+) < 0.22. Note that B(z>i ^ 
can be very large due to sizable Mj, 23 , ^32 and large 

^33- 

We have also studied sneutrino decay branching ra- 
tios in the case of e— f mixing, where we have obtained 
similar results to those in the case of /i— f mixing. This 
is due to the fact that Ye. 11 ~ ^£,22 0), that the ex- 
perimental limits on Bir" e~j) and B{t^ — s- /i~7) 
are comparable, and that the theoretical limits of the 
condition (i) on the LFV parameters ^13 and A31 are 
also similar to those on j423 and A32. 



4.2 LFV contributions to collider signatures 

It is to be noted that in e — f mixing scenario the t- 
channel chargino exchanges contribute significantly to 
the cross sections (T(e+e^ i^i^j) = '^ij for i,j =1,3, 
enhancing the cross sections (including the LFV pro- 
duction cross section 0-13) strongly, where j>i ^ Vr 
and £'3 ~ £'e [2]. We have studied the LFV contri- 
butions to signatures of sneutrino production and de- 
cay at the ILC [2J. We have shown that the LFV 
processes (including the LFV vi productions and the 
LFV bosonic Vi decays also) can contribute signifi- 
cantly to signal event rates. For example, in the e — f 
mixing scenario described in [2], assuming ILC with 
y/s = 1 TeV and a longidutinal polarization of -90% 
and 60% for the electron and positron beam, respec- 
tively, the dominant LFV contributions (steming from 
e+e" — > ViVj ^^T^XiXi) to the rate of the signal 
event e*rT-|-4jets-(-^ is calculated to be a^^^ = 6.6fb, 
where Ifl is the missing energy. Lepton flavour conserv- 
ing (LFC) processes in v production and decay can 
also contribute to the rate of the signal event above. 
The dominant LFC contributions to the signal rate 
is calculated to be a^^^ — 0.033fb which is two or- 
ders of magnitude smaller than ct^^^. This strongly 
suggests that one should take into account the possi- 
bility of the significant contributions of both the LFV 
fermionic and bosonic decays in the sneutrino search 



and should also include the LFV parameters in the 
determination of the basic SUSY parameters at collid- 
ers. It is clear that detailed Monte Carlo studies taking 
into account background and detector simulations are 
necessary. However, this is beyond the scope of the 
present article. 

5 Summary 

We have performed a systematic study of sneutrino 
production and decays including both fermionic and 
bosonic decays in the general MSSM with slepton gen- 
eration mixings. We have shown that LFV sneutrino 
production cross sections and LFV sneutrino decay 
branching ratios can be quite large due to slepton 
generation mixing in a significant part of the MSSM 
parameter space despite the very strong experimental 
limits on LFV processes. This could have an important 
impact on the search for sneutrinos and the MSSM 
parameter determination at future colliders, such as 
LHC, ILC, CLIC and muon collider. 
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